In order to discern the effect of rare earth element Er addition on grain refinement of the most widely used titanium alloy Ti6Al4V, new erbium modified Ti6Al4V alloys with compositions of Ti6Al4V-xEr (x = 0, 0.2, 0.4, 0.6 wt %) were developed and investigated for their microstructural characteristics and mechanical properties in comparison with their unmodified baseline alloy. Microstructural examinations revealed that, by adding Er, (1) the microstructure primarily retained a two-phase structure consisting of α and β, (2) remarkable grain refining occurred, and (3) some Er 2 O 3 and Al 2 Er disperses were formed largely around the β phase and near the grain boundaries. Mechanical property measurements evidenced an overall enhancement under tension and hardness tests. An increase in both strength and plasticity with increasing Er content was obtained but followed by a drop, while a gradual monotonous improvement in hardness was achieved. The Ti6Al4V-0.2Er alloy exhibits optimal mechanical properties.
Introduction
Due to low density, high specific strength, high corrosion resistance and high temperature stability, titanium alloys are been used as structural materials in aerospace, mechanical manufacturing and biomedical industries [1] [2] [3] . Titanium alloy components are widely fabricated by forging, and some difficulties are encountered in the processing of titanium alloys, such as poor processability and low comprehensive utilization. However, in many cases, workpieces with complex structures could be manufactured by precision casting, such as large complex thin-walled titanium castings for aerospace applications. The precision casting technology has the advantages of good surface roughness and high dimensional accuracy of the castings, which can significantly improve the utilization rate of raw materials (up to a range of 75% to 90%) and reduce the machining cost. Therefore, the understanding of the as-cast microstructure of titanium alloys is of technological importance to control the microstructural characteristics and thus understand the performance of the casting.
It's well known that the mechanical properties of titanium alloys are very much governed by their microstructures, in particular, the size of β grain, the morphology and distribution of α phase, etc. The relation between yield stress and grain size is described mathematically by the Hall-Petch equation [4] . With the decrease of grain size, the strength and hardness of the material increase gradually, and the plasticity increases with the decrease of grain size and lamellar spacing [5] . However, the crystal growth rate of melt solidification of titanium alloy outperforms the nucleation rate, making the casting favor forming coarse grain structure. As the casting thickness increases, the grain size increases abruptly, which in turn deteriorates the casting mechanical properties such as strength, plasticity, fatigue resistance and fracture [6, 7] . The most widely used approaches for controlling the microstructures and improving mechanical properties of casting titanium alloys are alloying (and/or microalloying), heat treatment, thermo-mechanical process, etc. [8] . Although fine grains of titanium alloys can be obtained by cyclic heat treatment or thermomechanical process, the former is limited by sample size and is prone to annealing micro-cracks during heat treatment, while the latter is complex and difficult to achieve.
In recent years, grain refinement technology of titanium alloy castings has attracted extensive attention [9] . By grain refinement, not only the specific strength, toughness and plasticity of alloys as well as the service life of components can be improved, but the weight and size of components can also be reduced [10] [11] [12] [13] . As core ingredients to refine the grain size and control the microstructure, rare earth (RE) elements have been investigated in a great number of metallic material families to improve versatile mechanical properties [14, 15] . Moreover, RE elements could be also utilized as surface-active agents. It is well known that REs reduce the surface tension of a crystal nucleus thus increasing the nucleation probability and nucleation rate on one hand, enhancing the diffusion activation energy of crystal nucleus and preventing the growth of crystal nucleus on the other hand. Liu et al. [16] showed that a small amount of Y obviously refined the grain size of Ti-6Al-2.5Sn-4Zr-0.7Mo-0.3Si alloy and contributed to the improvement of the microhardness and the compression properties. Y 2 O 3 oxide particles were found to form and uniformly distribute within the β grain of Ti-6Al-2.5Sn-4Zr-0.7Mo-0.3Si-Y. Xiao et al. [17] found that the room temperature and high temperature tensile strength of Ti6.6Al5.5Sn1.8Zr-based alloys gradually improved with the increase of additional Sc at the expense of plasticity. Ke et al. [18] reported that the compressive property of Ti-Al-Nb intermetallics can be improved by an Er additive because of the presence of fine (AlTiNb) 2 Er 3 precipitates in the β phase. Whitsett et al. [19] found that 0.1 wt % Er effectively affects grain refinement of Ti-6Al-4V but no mechanism of refinement was clarified. Accordingly, this work aims to investigate the effect of the addition of trace Er element on the microstructure and mechanical properties of the casted Ti6Al4V alloy and perform a mechanistic study.
Materials and Methods
Four different alloys with the nominal compositions Ti6Al4V-xEr (x = 0, 0.2, 0.4, and 0.6, wt %) were prepared in this work. Starting with titanium sponge, aluminum vanadium intermediate alloy and pure erbium (purity > 99.99%) all the alloys were melted by the vacuum cold crucible levitation melting approximately at 1820 • C for 3 minutes under an Ar atmosphere. The ingots had been reversed and re-melted seven times to ensure chemical homogeneity.
The phase identification of the alloys was analyzed by X-ray diffractometry (XRD, DMAX-RB, Rigaku, Japan) using Cu Kα radiation (λ = 0.15406 nm) with scanning speed at 4 • /min. Microstructural characterization was carried out by using optical microscopy (OM, Axio Observer A1m, ZEISS, Germany), scanning electron microscopy (SEM, VEGAII-XMH, Tescan, Czech Republic), and transmission electron microscopy (TEM, TECNAI G20, FEI, Hillsboro, OR, USA), where chemical compositions were analyzed by using energy-dispersive spectroscopy (EDS, Oxford Instrument Co., Ltd., Oxford, UK). Average grain size and micro-lamellar tissue size were performed by Image Pro Plus (ver 6.0, Media Cybernetics, MD, USA) image analysis software. Samples for OM and SEM observations were cut from as-cast alloys and prepared by mechanical polishing, and then etched about 8s by a solution with 10 vol % hydrofluoric acid and 20 vol % nitric acid. Specimens for TEM observation were prepared using twin-jet electro-polishing with a solution containing 5 vol % HClO4, 35 vol % 2-butoxyethanol and methanol at −15 • C and 20 V. The Vickers hardness of the alloy was measured on a HV-1000 (Laizhou Huayin, Laizhou, China) micro Vickers hardness tester. The mechanical properties were evaluated by tensile testing. Dumbbell-shaped samples with a gauge section 3.0 mm in diameter and 33.0 mm in length were machined from the as-cast alloys. Tensile tests were carried out on YYF-50 (Bairoe, Shanghai, China) mechanical testing machine. The samples were designed under GB/T228.1-2010 metal materials tensile test standard. Figure 1 presents the X-ray diffraction patterns of the Ti6Al4V-xEr alloys with different Er additions. It was found that all alloys were composed of α phase and β phase, that is, the typical duplex phase microstructure of the Ti6Al4V alloys. No RE-enriched phase was detected by the X-ray diffraction due to a low phase fraction of the Er-enriched phase in these alloys. Due to the small amount of Er addition, neither the compositions nor partitions of the α and β phases were subjected to more than minor changes. A phase fraction analysis from the XRD pattern in Figure 1 shows that the volume fraction of the β phase increased with increasing Er content, suggesting Er as a β stabilizer.
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Microstructural Characteristics
It is well known that the mechanism of grain refinement requires two components: nuclei and solute [25] . Potent nuclei activate nucleation at low undercoolings whereas the solute provides constitutional undercooling allowing activation of adjacent nuclei. The faster a constitutionally undercooled zone develops, the sooner further nucleation will occur ahead of an advancing solid- It is well known that the mechanism of grain refinement requires two components: nuclei and solute [25] . Potent nuclei activate nucleation at low undercoolings whereas the solute provides constitutional undercooling allowing activation of adjacent nuclei. The faster a constitutionally undercooled zone develops, the sooner further nucleation will occur ahead of an advancing solid-liquid interface and thus the smaller the resulting grain size [9] . The formation of two Er-containing intermediate phases (Er 2 O 3 and Al 2 Er), together with a fact of minor Er addition, principally implies a low solubility of Er in β phase of Ti6Al4V-xEr alloys. Those fine precipitates would act as preferential heterogeneous nucleation sites of new α phase and grow independently, which thus pins the migration of grain boundaries of β phase, leading to the refining of the prior β grain size. In addition, erbium, as a RE element, can reduce the surface tension of the melts due to its surface activity and thus decrease the fluctuated energy needed for the formation of critical grain nuclei. Consequently, both the probability and the growth rate of nucleation are enhanced, which increases the tendency to the breakup of primary dendrites and their side-branches, thus being beneficial to the refining effect of grains. Table 2 shows the mechanical properties of Ti6Al4V-xEr casting alloys at room temperature. The effect of the Er addition on the Vickers hardness of Ti6Al4V-xEr casting alloys is illustrated in Figure 10 .
Mechanical Properties
Note that as the Vickers hardness of Ti6Al4V baseline alloy was 2939 MPa, by increasing Er content, the hardness of the alloy increased gradually, and reached 3132 MPa with 0.6 wt % Er addition. the tendency to the breakup of primary dendrites and their side-branches, thus being beneficial to the refining effect of grains. Table 2 shows the mechanical properties of Ti6Al4V-xEr casting alloys at room temperature. The effect of the Er addition on the Vickers hardness of Ti6Al4V-xEr casting alloys is illustrated in Figure 10 . Note that as the Vickers hardness of Ti6Al4V baseline alloy was 2939 MPa, by increasing Er content, the hardness of the alloy increased gradually, and reached 3132 MPa with 0.6 wt % Er addition. Room temperature tensile properties and stress-strain curves of Ti6Al4V-xEr casting alloys are shown in Figure 11a ,b, respectively. The ultimate tensile strength (Rm), 0.2% yield strength (Rp0.2), elongation (A) and the reduction of area (Z) of Ti6Al4V baseline alloy at room temperature were 792 MPa, 776 MPa, 7.3% and 32.4%, respectively. Note that the strength of Ti6Al4V-0.2Er alloy was evidently enhanced by addition of Er; specifically, the ultimate tensile strength and 0.2% yield strength were promoted to 830 and 787 MPa, respectively. In contrast, further increasing Er content led to a decrease of the strength; the ultimate tensile strength and 0.2% yield strength of Ti6Al4V-0.4Er alloy were reduced to 804 and 747 MPa, and became 788 and 730 MPa with 0.6 wt % Er, respectively. The similar tendency of Er addition on plasticity of Ti6Al4V-xEr alloys was also observed; for example, the elongation firstly increased to 10.6% by 0.2 wt % Er addition and then dropped to 6.1% by 0.6 wt % Er addition. Moreover, the reduction of area of Ti6Al4V-0.2Er alloy was 45.1%, then a slight decrease (42.5%) with 0.4% Er addition, and finally a rapid reduction to 18% with 0.6 wt % Er addition. In brief, the Ti6Al4V-0.2Er alloy exhibits optimal mechanical properties, with the highest strength and acceptable plasticity in comparison with its baseline alloy and other modified counterparts. Room temperature tensile properties and stress-strain curves of Ti6Al4V-xEr casting alloys are shown in Figure 11a ,b, respectively. The ultimate tensile strength (Rm), 0.2% yield strength (Rp0.2), elongation (A) and the reduction of area (Z) of Ti6Al4V baseline alloy at room temperature were 792 MPa, 776 MPa, 7.3% and 32.4%, respectively. Note that the strength of Ti6Al4V-0.2Er alloy was evidently enhanced by addition of Er; specifically, the ultimate tensile strength and 0.2% yield strength were promoted to 830 and 787 MPa, respectively. In contrast, further increasing Er content led to a decrease of the strength; the ultimate tensile strength and 0.2% yield strength of Ti6Al4V-0.4Er alloy were reduced to 804 and 747 MPa, and became 788 and 730 MPa with 0.6 wt % Er, respectively. The similar tendency of Er addition on plasticity of Ti6Al4V-xEr alloys was also observed; for example, the elongation firstly increased to 10.6% by 0.2 wt % Er addition and then dropped to 6.1% by 0.6 wt % Er addition. Moreover, the reduction of area of Ti6Al4V-0.2Er alloy was 45.1%, then a slight decrease (42.5%) with 0.4% Er addition, and finally a rapid reduction to 18% with 0.6 wt % Er addition. In brief, the Ti6Al4V-0.2Er alloy exhibits optimal mechanical properties, with the highest strength and acceptable plasticity in comparison with its baseline alloy and other modified counterparts. Ti6Al4V-0.2Er alloy has higher strength and better plasticity than Ti6Al4V alloy because of the grain refinement effect of the trace Er element addition. It is due to the fact that when more grains get involved, there are fewer dislocations accumulated in each grain, and the cracking opportunities caused by stress concentration are reduced. The alloy can withstand a larger amount of deformation Ti6Al4V-0.2Er alloy has higher strength and better plasticity than Ti6Al4V alloy because of the grain refinement effect of the trace Er element addition. It is due to the fact that when more grains get involved, there are fewer dislocations accumulated in each grain, and the cracking opportunities caused by stress concentration are reduced. The alloy can withstand a larger amount of deformation before fracture, thus enhancing the strength and plasticity. It can be learned from Figure 7 that by further increasing Er content, the grain refinement effect was slowed down, and it in turn resulted in the increase of Er-enriched precipitates in size. Nevertheless, large second-phase particles, especially the insoluble ones, usually make no substantial contribution to the yield strength of the alloy [26] . Therefore, the strength and plasticity of Ti6Al4V-xEr alloys with higher Er contents were not as high as those of the Ti6Al4V-0.2Er alloy. Figure 12 displays the micro-fractographies of Ti6Al4V-xEr alloys with different Er contents. From Figure 12a , it is apparent that shallow dimples on fracture surface of Ti6Al4V baseline alloy were uniformly distributed, and the cross section was intergranular fracture. In the tensile fracture morphology of Ti6Al4V-0.2Er alloy, dimples become larger and deeper, and cleavage planes appear on the section, which was a mixed mode of intergranular and trans-granular fracture. As shown in Figure 12c ,d, there were cleavage steps and tearing edges on the fracture surfaces. In addition, a large number of small shallow dimples and some long strip fracture planes can also be observed in Ti6Al4V-0.4Er and Ti6Al4V-0.6Er alloys. Through comparative analysis, the long strip fracture was revealed to correspond to lamellar α phase in the microstructure of the alloys. Ti6Al4V-0.2Er alloy has higher strength and better plasticity than Ti6Al4V alloy because of the grain refinement effect of the trace Er element addition. It is due to the fact that when more grains get involved, there are fewer dislocations accumulated in each grain, and the cracking opportunities caused by stress concentration are reduced. The alloy can withstand a larger amount of deformation before fracture, thus enhancing the strength and plasticity. It can be learned from Figure 7 that by further increasing Er content, the grain refinement effect was slowed down, and it in turn resulted in the increase of Er-enriched precipitates in size. Nevertheless, large second-phase particles, especially the insoluble ones, usually make no substantial contribution to the yield strength of the alloy [26] . Therefore, the strength and plasticity of Ti6Al4V-xEr alloys with higher Er contents were not as high as those of the Ti6Al4V-0.2Er alloy. Figure 12 displays the micro-fractographies of Ti6Al4V-xEr alloys with different Er contents. From Figure 12a , it is apparent that shallow dimples on fracture surface of Ti6Al4V baseline alloy were uniformly distributed, and the cross section was intergranular fracture. In the tensile fracture morphology of Ti6Al4V-0.2Er alloy, dimples become larger and deeper, and cleavage planes appear on the section, which was a mixed mode of intergranular and trans-granular fracture. As shown in Figure 1 
Conclusions
Effects of trace erbium addition on microstructure and properties of as-cast Ti6Al4V-xEr alloys had been investigated in this paper. Based on the experimental results, the following conclusions could be drawn:
(1) The addition of Er elements has a remarkable refinement effect on the grain size and microstructure of Ti6Al4V alloy. The grain size of the original Ti6Al4V alloy was 2.72 mm and it was reduced to about 0.88 mm by the 0.6 wt % Er additives.
(2) Er reacted with O and Al to form Er 2 O 3 and Al 2 Er particles with much finer size distributed mainly around the β phase and near grain boundaries. In addition, these particles could act as heterogeneous nucleus and are capable of preventing grain growth.
(3) An increase in both strength and plasticity with increasing Er content was obtained but followed by a drop, while a gradual monotonous improvement in hardness was achieved. The Ti6Al4V-0.2Er alloy exhibits optimal mechanical properties.
